I. INTRODUCTION
Bismuth boride is a heavy member of the III-V semiconductors, which are made of group III and V elements and form a class of important electronic and optical materials with wide industrial applications. 1 Although there have been increasing theoretical interests in bismuth boride (BBi), 2-6 it has not been synthesized experimentally. Because of the large disparity in atomic size between B and Bi, bismuth boride is expected to exhibit interesting properties. There are no known bismuth-boron compounds, except a theoretical investigation on the substituent effects on the possible synthesis of a boron-bismuth triple bond. 7 We have previously reported a photoelectron spectroscopy (PES) study on the gaseous BiBO − species, which features a Bi-B single bond and a B≡≡O boronyl unit. 8 Recently, we have discovered a double-bonded Bi= =B species in Bi 2 B − ([Bi= =B= =Bi] − ) and a triple-bonded Bi≡≡B species in BiB 2 O − ([Bi≡≡B-B≡≡O] − ). 9 In the current work, we report a PES and theoretical study on a series of di-bismuth boride clusters, Bi 2 B n − (n = 2-4).
Extensive studies on size-selected boron clusters have been carried out using joint experimental and theoretical investigations. [10] [11] [12] [13] [14] [15] [16] The structural evolution and chemical bonding properties have been elucidated for boron clusters containing up to forty atoms. Small boron clusters have been found to be planar (2D) mostly with triangular lattices decorated with tetragonal, pentagonal, or hexagonal holes, which are critical for planarity. The discovery of the planar B 36 cluster with a hexagonal hole led to the first experimental evidence of the viability of atom-thin 2D borons, named borophene, 17 which has since been synthesized as a new class of synthetic 2D material. 18 The B 40 cluster was found to have a remarkable cage structure, becoming the first all-boron fullerene (borospherene) with D 2h symmetry. 19 A number of metal-doped boron clusters have also been investigated by joint PES and theoretical studies, greatly expanding the structural diversity of nanoborons. [20] [21] [22] [23] [24] The finding of the planar CoB 18 − cluster, in which the Co dopant becomes a part of the 2D plane, has led to the possibility of metalloborophenes. [25] [26] [27] [28] Recently, we have found that di-lanthanide 29 There have been few experimental studies of boron clusters doped by group V elements except B n N − (n = 1-3). [30] [31] [32] Computational studies have been reported on B n N 2 (n = 1-6) and B n P 2 (n = 1-7) clusters, 33, 34 as well as a joint experimental and theoretical study on the isoelectronic Bi 2 Al n (n = 1-4) clusters. 35 Extending our prior study on the bismuth-boron double bond and triple bond in Bi 2 B − and BiB 2 O − , 9 respectively, here we report an investigation on a series of di-bismuth boron clusters, Bi 2 B n − (n = 2-4), using high resolution PE imaging and quantum chemical calculations. Vibrationally resolved PE spectra are obtained for all three clusters. The experimental electronic and vibrational information is compared with the theoretical results to elucidate the structures and bonding of these clusters. Bi 2 B 2 − is found to be linear with two terminal Bi atoms forming double bonds with boron. Bi 2 B 3 − is found to be planar and contains a B 3 triangle coordinated by two bridging Bi atoms. Two nearly degenerate planar isomers are observed for Bi 2 B 4
− , consisting of a B 4 rhombus motif with the two Bi atoms coordinated in either the trans or cis configuration.
II. EXPERIMENTAL METHODS
The experiments were conducted using a high resolution PE imaging apparatus coupled to a laser vaporization supersonic cluster source, which has been described in detail previously. [36] [37] [38] [39] Briefly clusters were produced by focusing the second harmonic of a Nd:YAG laser onto a disk target made of a mixture of Bi and isotopically enriched 10 B powders. The laser-induced plasma formed inside the nozzle was cooled by a helium carrier gas seeded with 10% argon to initiate nucleation. The nascent clusters were entrained by the carrier gas and underwent a supersonic expansion to produce a cold cluster beam. Anionic clusters were extracted from the cluster beam perpendicularly into a time-of-flight mass spectrometer. The Bi 2 B n − clusters of interest were mass selected before entering the interaction zone of the velocitymap imaging (VMI) detector. A second laser beam from an Nd:YAG laser or a Deyang Tech dye laser were used to photodetach electrons from the size-selected anions. Photoelectrons were focused onto a set of microchannel plates coupled with a phosphor screen and a charge-coupled device camera. A typical experiment at a given photon energy required about 50 000-100 000 laser shots to achieve reasonable signal-tonoise ratios. The VMI lens was calibrated using the photoelectron images of Au − and Bi − at different photon energies. The photoelectron images were analyzed using the maximum entropy method (MEVIR and MEVELER). 40 The typical energy resolution of the VMI detector is ∼0.6% for high kinetic energy electrons and as low as 1.2 cm −1 for low kinetic energy electrons. 38 The PE images also yield information about the photoelectron angular distributions (PADs), which can be characterized by an anisotropy parameter (β). The differential cross section of the photoelectrons is described by
where σ Tot is the total cross section, P 2 is the second-order Legendre polynomial, and θ is the angle of the photoelectron relative to the laser polarization. The PAD is described by
where β has a value ranging from −1 to 2. This model works well for single photon transitions from randomly oriented particles. Since photons carry one unit of angular momentum (l = ±1), the outgoing photoelectrons will have the same change in their angular momentum. For example, if an electron is detached from an s atomic orbital (l = 0), the outgoing photoelectron will have l = 1 (pure p-wave) with β = 2. It is not a trivial process to interpret the β value for ionization from a molecular orbital (MO) because MOs are linear combinations of atomic orbitals. Nonetheless, the values of β can be used to qualitatively assess the symmetries of the molecular orbitals involved in the photodetachment process. 41 
III. THEORETICAL METHODS
Global minimum searches for the Bi 2 B n − (n = 2-4) clusters were done using the simulated annealing algorithm coupled with density functional theory (DFT) geometry optimization. [42] [43] [44] [45] About 200-300 structures were generated for each cluster and were first optimized at the PBE/LAN2DZ level of theory. 46, 47 Further geometric optimizations and vibrational analyses were carried out, for the top low-lying isomers within 1 eV of the global minima, using the TPSSh functional with the aug-cc-pVTZ basis set for B and augcc-pVTZ-pp basis set with the relativistic pseudopotentials (ECP60MDF) for Bi. [48] [49] [50] All calculations were performed in Gaussian 09. 51 The adiabatic detachment energy (ADE) for the ground state was calculated as the energy difference between the optimized anion and neutral with zero-point energy corrections, which represents the electron affinity (EA) for the neutral cluster. The ADEs for the clusters with different spin multiplicities were also calculated. The vertical detachment energies (VDEs) for the higher excited states were computed using time-dependent density functional theory (TD-DFT) at the anion geometry. The adaptive natural density partitioning (AdNDP) method was used for chemical bonding analyses. 52 Franck-Condon (FC) factors for the ground state transitions were calculated using the ezSpectrum v3.0 program 53 and the theoretical structures and frequencies. The FC factors were fitted with Gaussian functions to produce simulated spectra.
IV. EXPERIMENTAL RESULTS
A. The PE images and spectra of Bi 2 B 2 − Figure 1 shows the PE images and their corresponding spectra for Bi 2 B 2 − at four different photon energies. The sharp peak labeled X denotes the 0-0 transition and its peak position in the highest resolution spectrum [ Fig. 1(a) two additional peaks, labeled A and B, which should correspond to the excited electronic states of Bi 2 B 2 ( Table I ). The peak positions of all the observed vibrational features and their assignments are given in Table SI of the supplementary material (also see Fig. S1 of the supplementary material for the peak labels).
B. The PE images and spectra of Bi 2 B 3
−
The PE images and spectra of Bi 2 B 3 − at four different photon energies are shown in Fig. 2 . The sharp peak labeled X located at 2.5805 eV in Fig. 2 (a) defines the 0-0 transition and the EA of Bi 2 B 3 (Table II ). In addition, there are several peaks at lower binding energies labeled hb1-hb3 due to vibrational hot bands [see the inset in Fig. 1 ) and 786 ± 41 cm −1 (2 0 1 ) above peak X. There are two shoulders right next to these two peaks. By fitting with Gaussian functions, we found the positions of the two shoulders to be 502 ± 38 cm −1 (5 0 2 ) and 690 ± 13 cm −1 (hb4) above peak X. Finally, one additional peak (A) was observed in the 3.4958 eV spectrum [ Fig. 2 (Table II) . The small peak labeled with an asterisk is 1974 ± 76 cm −1 above peak X. This peak does not correspond to any vibrational excitation in the ground state and is likely due to a multi-electron process, as observed previously in the PE spectrum of B 3
− . 54 The binding energies of all the vibrational peaks and their assignments are given in Table SII High-resolution spectra were taken for band X at a series of low photon energies from 2.0108 eV [ Fig. 4(a) ] to 2.1066 eV [ Fig. 4(g) ], revealing a broad vibrational progression. The ADE of band X is accurately measured as 2.0102 eV from the near threshold detachment [ Fig. 4(a) ]. Furthermore, each peak in the progression was found to be a doublet, as seen in Figs. 4(d)-4(g). The second peak of the doublet was cut off in Figs. 4(a)-4(c) because the photon energies used were too close to the lower binding energy peak of the first progression. The spacing of the two vibrational progressions, as shown by the vertical lines, is the same (125 ± 2 cm −1 for the first progression and 122 ± 5 cm −1 for the second), indicating that the two progressions represent the same neutral vibrational mode. In addition, the peaks near threshold in each spectrum are much sharper and appear more intense, but the integrated intensities are approximately consistent with the overall Franck-Condon profile of band X. Figure 5 shows the high resolution PE spectra for band X . As shown in Fig. 3 , there is some overlap between bands
The Journal of Chemical Physics ARTICLE scitation.org/journal/jcp X and X , i.e., transitions to higher vibrational levels of band X extend into band X . Despite this complication, we were able to observe clearly the 0-0 transition of band X at 2.2510 eV (Table III) , as shown in Fig. 5(a) . Several weak peaks observed at higher binding energies are assigned to two vibrational progressions, as denoted by the vertical lines in Figs. 5(b)-5(e). The frequencies of the two progressions are measured to be 67 ± 3 cm −1 and 379 ± 5 cm −1 . The peak positions of all the observed vibrational features for bands X and X are given in Table SIII of the supplementary material (see Figs. S3 and S4 of the supplementary material for the peak labels).
V. THEORETICAL RESULTS
Theoretical calculations were carried out to understand the electronic and vibrational structures of Bi 2 B n − (n = 2-4) and their corresponding neutrals upon electron detachment. Three low-lying structures were found for each cluster anion within 1 eV of the global minimum, as given in Fig. S5 of the supplementary material. These structures were further optimized at the TPSSh/Bi/aug-cc-pVTZ-pp/B/aug-ccpVTZ level of theory and relatively small energy changes were found. The global minima at the TPSSh level and their corresponding neutrals, as well as a low-lying isomer within 0.8 eV of the global minimum and their bond lengths, are presented in Fig. 6 . The computed vibrational frequencies of these isomers are given in The global minimum of Bi 2 B 2 − was found to be linear with a Bi-B-B-Bi configuration [2.I-a in Fig. 6(a) ]. The electronic configuration of isomer 2.I-a is 1σ g 2 1σ u 2 2σ g 2 2σ u 2 3σ g 2 1π u 4 1π g 3 with a 2 Π g term and a 2 Π g3/2 spin-orbit (SO) ground state. Since the SO splitting for the 2 Π g term is expected to be large on the basis of the previous observation of 0.54 eV in Bi 2 B, 9 the 2 Π g1/2 SO-excited state was not expected to be populated. Removing an electron from the 1π g highest occupied molecular orbital (HOMO) yields the 3 Σ g − ground state for the neutral linear isomer, and its optimized geometry is displayed in Fig. 6(a) (isomer 2.I-n) .
The next lowest energy isomer for Bi 2 B 2 − (2.II-a) is 0.26 eV higher in energy than the linear isomer, and it has a rhombus structure (D 2h ) with each Bi atom bridging the two B atoms. The corresponding neutral of the rhombus isomer (2.II-n) was found to be 0.16 eV more stable than the linear isomer 2.I-n [ Fig. 6(a) ]. However, since the anionic isomer 2.II-a was predicted to be 0.26 eV higher in energy than isomer 2.I-a, the rhombus anion was not expected to be populated in the cluster beam. The calculated electron binding energies of the linear Bi 2 B 2 − global minimum and the vibrational frequencies of the corresponding neutral are compared with the experimental data in Table I .
B. Bi 2 B 3
− and Bi 2 B 3
For Bi 2 B 3 − , a planar structure with two Bi atoms bonded to a triangular B 3 unit was found to be the global minimum [3.I-a in Fig. 6(b) ]. It has C 2v symmetry with a closed-shell electron configuration: 1a 1 2 1b 2 2 2a 1 2 3a 1 2 2b 2 2 1b 1 2 4a 1 2 3b 2 2 5a 1 2 1a 2 2 . Removing an electron from the 1a 2 HOMO gives the lowest energy neutral state (isomer 3.I-n). Its optimized geometry is also presented in Fig. 6(b) . No other low-lying isomers were found, suggesting its high stability. The closest-lying isomer has a linear configuration, which is 0.97 eV higher in energy at the TPSSh level (Fig. S5 of the supplementary material) . The calculated electron binding energies of the C 2v global minimum of Bi 2 B 3 − and the vibrational frequencies of the corresponding neutral are compared with the experimental data in Table II 
VI. DISCUSSION
A. Spectral assignments and comparison between experiment and theory
Bi 2 B 2

−
The intense 0-0 transition for band X along with only a weak and short vibrational progression in the PE spectra of Bi 2 B 2 − (Fig. 1) suggests that the Bi 2 B 2 − anion is likely to have high symmetry with a relatively small geometry change upon electron detachment. The calculated ADE of the linear isomer 2.I-a for the 3 Σ g − ← 2 Π g ground state detachment transition was 2.32 eV, in good agreement with the measured ADE of band X (2.2783 eV, Table I ). The 1π g HOMO of the linear structure (Fig. S6a of the supplementary material) is mainly of Bi 6p character with weak Bi-B π bonding and B-B anti-bonding characters, consistent with the minor geometry change between the anion and neutral ground state [ Fig. 6(a) ] and the short vibrational progression in the PE spectra. The calculated frequencies of the B-B and Bi-B symmetric stretching modes for the 3 Table I . The weak vibrational feature at 2.3318 eV (5 0 2 , Fig. 1 ) is separated from the 0-0 peak by 432 cm −1 (Table S1 of the supplementary material), which is assigned as the second quanta of the ν 5 bending mode involving the B atoms [ Fig. 7(a) ]. The 5 0 1 transition is forbidden by symmetry. This observation yielded a frequency of 216 ± 12 cm −1 for the ν 5 mode, which is in fair agreement with the calculated frequency of 272 cm −1 [ Fig. 7(a) and Table I ]. The FC factors computed for the 3 Σ g − ← 2 Π g transition were used to generate a simulated spectrum, as compared with the experimental data in Fig. 8(a) . The overall good agreement between experiment and theory confirms the linear global minimum for Bi 2 B 2 − . The detachment transition to an electronically excited neutral state ( 1 ∆ g ) was calculated to be 3.05 eV, which was assigned to the observed peak B [ Table I and Fig. 1(d) ]. There was also an expected 1 Σ g − excited state from the 1π g 2 final state electron configuration. This state should be lower in energy than the 1 ∆ g state and was assigned to the observed peak A [ Table I and Fig. 1(d) ]. Unfortunately, this state could not be calculated due to limitations of the computational software.
The calculated ADE for isomer 2.II-a of Bi 2 B 2 − is 1.90 eV, which is quite off from peak X at 2.2783 eV. Furthermore, no signal was observed below the X band. The calculated frequencies for isomer 2.II-n (Table SIV of the supplementary material) also do not agree with the experimental values. Therefore, we could rule out the presence of isomer 2.II-a in our experiment, consistent with its relatively high energy.
Bi 2 B 3
−
The Bi 2 B 3 − spectra in Fig. 2 exhibited a sharp band labeled X with only a few weak vibrational transitions, also indicating a small geometry change upon electron detachment. Isomer 3.Ia [ Fig. 6(b) ] gave a calculated ADE of 2.43 eV, which is in good agreement with the measured value of 2.5805 eV (Table II) . The 1a 2 HOMO of Bi 2 B 3 − (Fig. S6b of the supplementary material) is mainly of Bi 6p character with weak Bi-B π bonding and B-B anti-bonding characters, consistent with the minor geometry change between the anion and neutral ground state [ Fig. 6(b) ] and the short vibrational progression in the PE spectra. Band A is from detachment of an electron from the 5a 1 orbital (Table II) , resulting in a 2 A 1 neutral excited state. The calculated VDE for the 2 A 1 state was 3.16 eV, which also agrees well with the experimental value (3.21 eV, Table II) .
Three totally symmetric vibrational modes (ν 2 , ν 3 , and ν 4 ) and a bending mode (ν 5 ) [ Fig. 7(b) ] were observed in the ground state detachment transition of Bi 2 B 3 − . The vibrational frequencies for modes ν 2 , ν 3 , ν 4 , and ν 5 were calculated to be 886 cm −1 , 342 cm −1 , 112 cm −1 , and 266 cm −1 , respectively, in reasonable agreement with the measured frequencies (Table II) . More pronounced vibrational hot bands were observed in the PE spectra of Bi 2 B 3 − (Fig. 2) . The three hot bands (hb1-hb3) with lower binding energies than peak X were assigned to 4 1 0 , 5 1 1 , and 6 1 1 , respectively (Table SII of the supplementary material). Mode ν 5 corresponds to an A 2 mode and ν 6 corresponds to a B 1 mode, as shown in Fig. 7(b) . In addition, combination bands of the hot band 5 1 1 and ν 4 were also (Fig. 2 and Table SII of the supplementary material). From the binding energy of hb1, the vibrational frequency for the ν 4 mode of the anion was estimated to be 107 ± 12 cm −1 , in good agreement with the calculated value of 110 cm −1 [ Fig. 7(b) ]. The shoulder next to the 4 0 2 peak was assigned as the 5 0 2 transition (Fig. 2) . (Table SII of the supplementary material) . The FC factors were computed for the ground state detachment transitions of isomer 3.I-a and the simulated spectrum is compared with the experimental spectrum in Fig. 8(b) . The good agreement between the theoretical results of isomer 3.I and the experimental data provides considerable credence to the C 2v global minimum structure of Bi 2 B 3 − .
Bi 2 B 4
−
The complicated PES spectrum of Bi 2 B 4 − (Fig. 3) is consistent with the presence of two isomers in the cluster beam, as borne out by the theoretical results predicting two nearly degenerate structures [ Fig. 6(c) ]. Both the computed electron binding energies and vibrational frequencies of the two isomers are in excellent agreement with the experimental observations, as shown in Table III .
The calculated ADE for the trans isomer 4.I-a by removing the electron from the 2a u HOMO was 1.90 eV (Table III) , in good agreement with the measured ADE for band X (2.0102 eV). The next detachment channel for isomer 4.I-a involves removal of an electron from the HOMO-1 1b g orbital, giving rise to a computed VDE of 2.57 eV, in good agreement with the measured VDE of band A (2.69 eV). The 2a u HOMO of the trans isomer involves π antibonding interactions between the Bi atoms and the B atoms, as well as π bonding interactions within the B 4 unit (Fig. S6c of the supplementary material) . The removal of the 2a u electron is expected to shorten the Bi-B bond lengths and increase the B-B bond lengths, as borne out by the optimized structure of the neutral trans isomer (4.I-n). Thus, a long vibrational progression involving the Bi-B stretching mode [ Fig. 7(c) ] is expected in the ground state detachment transition, consistent with the extended vibrational progression observed in the high resolution spectra for the X band (Fig. 4) . The observed vibrational frequency of 125 ± 2 cm −1 agrees well with the calculated frequency of 137 cm −1 for the Bi-B symmetric stretching mode ν 5 (Table III) . In addition, the hot band progression involving the ν 5 mode yielded a frequency for the Bi-B symmetric stretching mode of the anion as 100 ± 5 cm −1 , which is comparable to the calculated value of 124 cm −1 [ Fig. 7(c) ]. The simulated spectrum by using the computed FC factors is compared with the experimental spectrum in Fig. 8(c) . The agreement is reasonably good, except for the two peaks above 2.10 eV.
The calculated ADE for isomer 4.II-a by removing the electron in the 2b 1 HOMO was 2.20 eV, in excellent agreement with the measured ADE for band X (2.2510 eV), as shown in Table III . The next detachment channel by removing an electron from the 1a 2 HOMO-1 yielded a computed VDE of 2.66 eV, in good agreement with the observed VDE of band A (2.77 eV). Hence, bands X and A came from the cis isomer 4.II-a. The high resolution spectra for band X revealed two vibrational progressions (Fig. 5) . The high frequency mode of 379 ± 8 cm −1 can be assigned to the B-B stretching mode [ν 4 in Fig. 7(d) ] with a computed frequency of 414 cm −1 . The lower frequency mode of 67 ± 7 cm −1 is assigned to the symmetric in-plane bending mode involving the Bi atoms [ν 5 in Fig. 7(d) ] with a computed frequency of 77 cm −1 . The HOMO of the cis isomer involves π antibonding interactions between the Bi atoms and the B atoms, as well as π bonding interactions within the B 4 unit (Fig. S6d of the supplementary material) . The geometry change in the neutral cis isomer [4.II-n in Fig. 6(c) ] upon removal of the HOMO electron is consistent with the nature of the HOMO and the observed vibrational activities. The simulated spectrum using the computed FC factors also agrees well with the experimental spectrum [ Fig. 8(d) ].
The anisotropy parameters (β) were obtained for the 0-0 transitions of all the observed clusters (Fig. S7 of the supplementary material) . The β values are close to 0 for low kinetic energy electrons, indicating their s-wave nature. This observation suggests that the photoelectrons are from π-like orbitals, consistent with the nature of the HOMO in each system (Fig. S6 of the supplementary material) .
B. The structures and bonding in the boron-bismuth binary clusters
To understand the structures of the boron-bismuth binary clusters and the bonding between the Bi atoms and the B n (n = 2-4) motifs, we performed AdNDP analyses, 52 as shown in Fig. 9 . In the case of Bi 2 B 3 − , the closed shell anion was used. In all the clusters, the 6s electrons in the Bi atoms are lonepairs and do not participate in chemical bonding, consistent with the inert 6s orbitals due to the relativistic effects. 55 
Bi 2 B 2 and Bi 2 B 2
−
The two unpaired electrons of the linear Bi 2 B 2 result in two weak 1-electron Bi-B π bonds [4c-1e bonds in Fig. 9(a) ]. In addition, there are two completely delocalized 4c-2e π bonds, as well as two 2c-2e Bi-B σ bonds and one 2c-2e B-B σ bond. As shown in Fig. 6(a) , the Bi-B bond length is 2.140 Å, while the B-B bond length is 1.549 Å. The Bi-B bond length in Bi 2 B 2 is very similar to the Bi= =B double bonds in Bi 2 B − . 9 There is a small change in the Bi-B and B-B bond lengths between the neutral and the anion. Both the Bi-B and B-B bond lengths in the linear Bi 2 B 2 cluster are slightly shorter than the Bi= =B and B= =B double bond lengths calculated from Pyykko's self-consistent atomic covalent radii of B and Bi. 56 Hence, the linear Bi 2 B 2 species can be approximately described as Bi= =B= =B= =Bi with strong conjugation effects, giving additional stability for the linear structure.
Bi 2 B 3 and Bi 2 B 3
−
In addition to the two 6s lone pairs [ Fig. 9(b) ], the AdNDP analyses for the closed shell Bi 2 B 3 − cluster revealed four 2c-2e Bi-B σ bonds and one 2c-2e B-B σ bond around the periphery of the planar cluster, as well as one 3c-2e delocalized σ bond within the B 3 motif, one 4c-2e π bond along the Bi-B edges of the cluster, and one 5c-2e delocalized π bond mainly within the B 3 unit. The 3c-2e delocalized σ bond within the B 3 motif is similar to that in the bare B 3 cluster. 54 The 5c-2e delocalized π bond is also similar to that in the bare B 3 cluster, except the small contributions from the Bi atoms. Hence, the B 3 motif in Bi 2 B 3 maintains its double aromaticity. 54 The B-B bond (1.540 Å) that is not coordinated to Bi has a bond length similar to that in the bare B 3 cluster. However, the two The Journal of Chemical Physics 
Bi 2 B 4 and Bi 2 B 4
−
The AdNDP analyses of the two closed-shell neutral Bi 2 B 4 isomers are shown in Figs. 9(c) and 9(d), which reveal similar bonding properties in the two structures. In addition to the two 6s lone pairs, each contains four Bi-B σ bonds and two B-B σ bonds around the periphery of the clusters, one 4c-2e delocalized σ bonds within the B 4 motif, one 6c-2e π bond mainly localized on the B 4 unit with minor contributions from the Bi atoms, and one 4c-2e π bond mainly of Bi 6p z character with weak Bi-B bonding. In fact, the bonding in the two Bi 2 B 4 isomers is similar to that in Bi 2 B 3
− . The B-B bonds that are not coordinated by Bi have bond lengths similar to those in the bare B 4 cluster, 54 while the B-B bonds that are coordinated by Bi are significantly lengthened in comparison to those in the bare B 4 cluster.
Comparison of the structures of B-Bi and other B-group-V binary clusters
It is interesting to note the increase in the B-B bond lengths in the B 3 and B 4 units when they are coordinated by the Bi atoms. The Bi-B bonds weaken the B-B bonds on the edge by breaking the B-B σ bond. The B-B bonds with the Bi coordination only involve delocalized σ and π interactions [ Figs. 9(b)-9(d) ]. But the Bi-B bond is not strong enough to completely break the B-B bonds. In the B 3 N cluster, the strong B-N bond breaks the B-B bond and it becomes linear with a B-N-B-B configuration. 32 The B 3 N 2 cluster was studied computationally, suggesting that the N atoms also insert into the B-B bonds and disrupt the B 3 triangle. 33 However, a previous theoretical study showed that P 2 B n clusters exhibit global minimum structures similar to the corresponding Bi 2 B n clusters studied currently. 34 A recent study of Bi 2 Al n -clusters showed that they all have three-dimensional structures due to the weak Al-Al bonds. 35 Hence, the competition between the B-M and B-B bonding determines the structures of the M 2 B n clusters. It would be interesting to study the stoichiometric Bi n B n clusters, which may provide interesting information about bulk BiB, which was predicted to have similar structures as the other III-V semiconductor materials. − cluster is found to have C 2v symmetry with the two Bi atoms coordinated to the edges of the B 3 triangle. The delocalized σ and π bonds in Bi 2 B 3
− are similar to those in the bare B 3 cluster. Two nearly degenerate isomers were found to co-exist in the experiment, consisting of a B 4 rhombus coordinated by the two Bi atoms either in the trans or cis fashion. The bonding in the two Bi 2 B 4 − isomers is similar, both containing a delocalized σ and π bond in the B 4 unit.
SUPPLEMENTARY MATERIAL
See supplementary material for the binding energies of all the observed vibrational peaks, all the vibrational frequencies of the global minima and a low-lying isomer of Bi 2 B n and Bi 2 B n − (n = 2-4), the anisotropy parameter (β) of the ground state 0-0 detachment transitions, the complete isomers of Bi 2 B n − (n = 2-4) within 1 eV of the global minima, and the valence molecular orbital pictures of the global minima.
